The purpose of this paper is to develop a prediction model of WGCLSM (waste LCD (liquid crystal display) glass controlled low strength materials) concrete, the relationship between UPV (ultrasonic pulse velocity) and compressive strength, UPV-strength model. The power function was used to perform the nonlinear-multivariate regression analysis of UPV with water-binder ratio (w/b), curing age (t) and waste glass content (G) in our previous study. Test results show that the compressive strength increases with UPV and approach to a linear relationship. Thus, the UPV-strength model was established by linear-multivariate regression analysis and the compressive strength evaluated by ultrasonic pulse velocity. The calculated results are in accordance with the laboratory measured data ultrasonic pulse velocity and compressive strength. In addition, the statistical analysis shows that the coefficient of determination R 2 and the MAPE (mean absolute percentage error) were from 0.916 to 0.951 and 12.6% to 15.1% for the compressive strength, respectively. The proposed models are highly accurate in predicting the compressive and ultrasonic pulse velocity of WGCLSM concrete. However, with other ranges of mixture parameters, the predicted models must be further studied.
Introduction
 CLSM (controlled low strength materials) are a new type of material being capable of replacing excellent class materials and the compressive strengths range between 345 kPa and 8,400 kPa. Also known as "flowable fill", these materials are used mainly for filling cavities in civil engineering projects where the application of granular fill is either impossible or difficult [1, 2] . CLSM mixtures have superior shear strength, cohesion intercept and angle of shearing resistance values compared to conventional soil materials after 7 days, making them ideal candidate materials for backfill applications [3] . The type of CLSM to be used needs to be selected according to technical and economic considerations for specific applications [4] .
However, the compressive strength of concrete invariably forms the most important basis of specifications and quality control, as many other properties are directly or indirectly related to it [5] . And the compressive strength known as one of the most important characteristic in concrete is conventionally evaluated from the empirical velocity-strength relationships often given by manufactures of device or built up by users [6] .
Recently, the investigation of non-destructive testing techniques is a very popular subject [7] . And the ultrasonic method is one of the non-destructive testing techniques and is frequently adopted for evaluating the quality of in situ concrete structures. It can measure the speed of wave through materials in order to predict material strength, calculate low-strain elastic modulus or to detect the presence of internal flaws such as cracking, voids, honeycomb, decay and other damages. This technique is applicable where intrusive (destructive) testing is not desirable and can be applied to concrete, ceramics, stone and timber [8] . And also, application of UPV (ultrasonic pulse velocity) to the non-destructive evaluation of normal strength concrete (≤ 41 MPa) quality has been widely investigated for decades [5] .
In addition, many authors have studied how UPV can be correlated with concrete strength. An extensive review of their contributions has been undertaken [9] . Some previous researchers made use of the UPV of concrete to predict compressive strength and it is fundamental in such research work to study the relationship between UPV and compressive strength. Previous studies concluded that, for concrete with a particular mix proportion, there is a good correlation between UPV and the compressive strength. No clear rules have been presented to describe how the relationship between UPV and the compressive strength of concrete changes with its mix proportion. Therefore, there exists a high uncertainty when one try to make use of UPV to predict the strength of concrete in different mix proportions. It has also been established that UPV of hardened concrete is predictable based on its mix proportion. In addition, it has been known that the compressive strength of concrete corresponds with the mix proportion [10] . Yusuf and Jimoh [8] , Mahure et al. [10] and Lawson et al. [11] developed theoretical UPV-strength models for normal concrete with high correlation at different times. Therefore, the purpose of this paper is to use the power function to perform the nonlinear-multivariate regression analysis of the UPV prediction model for self-compacting waste LCD (liquid crystal display) glass concrete, which was obtained in our previous study and the effects of water-binder ratio (w/b), curing age (t) and waste glass content (G) were considered [12] . Thus, this model was used and the relationship of UPV-strength was discussed to establish the UPV-strength model by multivariate regression analysis in WGCLSM (waste LCD glass controlled low strength materials) concrete.
Experimental Program
The purpose of this study is to integrate a series of experimental results with various mixture ratios of waste LCD glass applied to CLSM to discuss the relationship between concrete compressive strength and ultrasonic pulse velocity, and also to establish the UPV predictive analysis models to evaluate the concrete compressive strength. The multiple influencing factors of prediction models such as waste glass content, water-binder ratio and age. The types of material and mixture ratios are described in literatures [13] [14] [15] [16] .
The cement, fly ash and aggregate used in this study are local materials in compliance with specifications in ASTM (American Society of Testing Materials) C150, ASTM C618 and ASTM C33, respectively. Particulate waste glass sand, able to pass through a No. 8 sieve, was provided by Chi Mei Optoelectronics. The physical properties of the aggregate and glass sand are shown in Table 1 and the particle size distribution curves of the aggregate and glass sand are shown in Fig. 1 .
The water-to-binder ratios were 1.1, 1.3 and 1.5, and four types of glass sand were added at volume replacement ratios of 0%, 10%, 20% and 30%. Fly ash and water quenched slag were added and blended using a CLSM mixing design method. The mixture proportions are shown in Table 2 . And the compressive strength and ultrasonic pulse velocity, among other parameters, were measured.
Studying and Planning the Prediction Model for the UPV

UPV Prediction Model
Chen et al. [17] use mixture design of high performance recycled liquid crystal glasses concrete, indicating that the UPV tends to increase with increasing waste glass content and maintenance age. However, after a period of time, the increase of the ultrasonic pulse velocity tends to become smooth. The relationship curve of the UPV and age is found to be similar to the power function. Hence, Wang et al. [12] suggested a prediction model of UPV for self-compacting waste LCD glass concrete with the replacement of waste LCD glass for the fine aggregate (sandy soil), which was our previous study and was shown in Eqs.
(1) and (2). The prediction model was based on power function and nonlinear-multivariate regression analysis. In addition, this prediction model considering multiple variables of water-binder ratio, waste glass content and age and the test result exhibit good predictive capabilities. The details of predicted model and related parameters can be referred from Ref. [12] . As shown in Fig. 2 , the experiment results of the WGCLSM UPV and age for various waste glass contents when the water-binder ratio is 1.1. For the same waste glass content G, the UPV V s increases with the age t. However, the increasing tendency becomes smooth as the age t further increases. And the relation between the UPV and the age is simulated using a power function, as shown in Eq. (1). Figs. 3a-3c show the predicted results for the UPV of controlled low strength materials concrete with the replacement of waste LCD glass for the fine aggregate of 0%, 10%, 20% and 30%, respectively, in different water-binder ratios. As a result, UPV analysis value of the prediction model (Eq. (2) 
where, parameters a s and b s are the coefficients of the power function, and t is the curing age, α s and β s are the parameters that are related to the waste glass content (G), and m s1 , m s2 , n s1 and n s2 are the coefficients of the water-binder ratio (w/b).
Development of UPV-Strength Predictive Model
Several relationships between UPV and compressive strength have been proposed, especially for normal density concrete [18] [19] [20] [21] [22] [23] . Sturrup et al. [22] proposed a logarithmic relationship between UPV and compressive strength, while Price and Haynes [19] , Phoon et al. [20] and Ben-Zeitun [21] suggested linear relationships. However, exponential relationships are the commonest [7, 18, 20, [24] [25] [26] [27] [28] . Furthermore, Breysse [29] found that the compressive strength of concrete can be reasonable evaluated by UPV, and the predicted model can be developed by linear, exponential and power law function.
Therefore, in this study, we explored the relationship between UPV and compressive strength. Fig. 4 illustrates the relationship of compressive strength and UPV for different waste glass contents when the water-binder ratio is 1. Ultrasonic pulse velocity (m/s) Ultrasonic pulse velocity (m/s) Ultrasonic pulse velocity (m/s) Ultrasonic pulse velocity (m/s) Compressive strength (MPa) Fig. 6a and expressed as Eq. (5). Table 3 shows that parameter b cs did not affect various waste glass content. Therefore, no relationship is found as shown in Fig. 5b and the sensitivity of parameter b cs expressed as Eq. (6) . Similarly, a linear decreasing relationship (illustrated in Fig. 6b ) between the parameter n cs and the water-binder ratio w/b is shown in Eq. (7): 
where, α cs , β cs , m cs and n cs are the parameters related to waste glass content (G), and m cs1 , m cs2 and n cs1 , n cs2 are the coefficients related to water-binder ratio (w/b).
Eqs. (3)- (7) are combined, the compressive strength prediction model, based on function of ultrasonic pulse velocity, can be described as shown in Eq. (8) . Thus, the established UPV-strength predictive model can be used to calculate the compressive strength by using UPV.
It is noteworthy that the factors of mixed proportion, water-binder ratio and admixture of replacement for fine aggregate, were not seldom considered to establish in most of the UPV-strength predictive model [30] . Furthermore, there are three factors can be considered in the UPV-strength predictive model suggested in this study, including the water-binder ratio, waste glass content and curing age. The factor of curing age was hidden in the predictive model of ultrasonic pulse velocity (Eq. (1)). When the prediction of the waste glass concrete compressive strength prediction model is applied in the regression analysis of the testing results, model parameters are α cs = -0.1471, β cs = 0, m cs1 = -7.208, m cs2 = 3.423, n cs1 = 0.00435 and n cs2 = -0.00183.
Comparison between the Predictive Analysis and Test Result
To determine the error between the model analysis result and the measured value, the MAPE (mean absolute percentage error) of Eq. (9) can be used for the evaluation. If the MAPE value is less than 10%, the model has excellent predictive ability; If MAPE is in range of 20%~50%, the model has good predictive ability; If the MAPE is more than 50%, the prediction results of the model are not accurate [31] (9) where, y i = measured value, i ŷ = model analysis value and k = number of analytic data.
Ultrasonic Pulse Velocity
As shown in Fig. 7 , the UPV prediction model (Eq. (2)) is applied in the analysis and the testing results of various waste glass content for different water-binder ratios. The comparison between the predicted ultrasonic pulse velocity values using the model and the actual experimental values is shown in Table 4 .
In addition, the coefficient of determination R 2 was obtained from the regression analysis using the model for the predicted UPV analysis value and test result: when w/b is 1.1, R 2 = 0.973; when w/b is 1.3, Compressive strength(MPa) Fig. 7 . Therefore, the UPV prediction model suggested by author's previous study, also has excellent prediction abilities in WGCLSM.
Comparison between the Test Result and Predictive Analysis by UPV-Strength Model.
Figs. 8a-8c show the results of the UPV-strength relationship for different water-binder ratio, the compressive strength established by the UPV-strength prediction model (Eq. (8) Fig. 9 . Therefore, the MAPE values of the compressive strength are less than 20%, established by UPV-strength model in this paper, meaning that the model's predictive ability is good. 
Conclusions
From this study, some points can be drawn as follows: (3) The UPV-strength model of WGCLSM concrete in this study assumes that the compressive strength increased with UPV by a linear relationship and the UPV increased with curing age by a power function. Therefore, the applicability of the prediction model, which was established using deduction and tendency of testing results, to other mixing conditions, should be further studied and validated.
